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A coherent coupling among different energy photons provided by nonlinear optical interaction is re-
garded as a photonic version of the Rabi oscillation. Cavity enhancement of the nonlinearity reduces
energy requirement significantly and pushes the scalability of the frequency-encoded photonic circuit
based on the photonic Rabi oscillation. However, confinement of the photons in the cavity severely
limits the number of interactable frequency modes. Here we demonstrate a wide-bandwidth and ef-
ficient photonic Rabi oscillation achieving full-cycle oscillation based on a cavity-enhanced nonlinear
optical interaction with a monolithic integration. We also show its versatile manipulation beyond
the frequency degree of freedom such as an all-optical control for polarizing photons with geometric
phase. Our results will open up full control accessible to synthetic dimensional photonic systems
over wide frequency modes as well as a large-scale photonic quantum information processing.
Rabi oscillation, which is a cyclic rotation between
coherently-coupled two atomic levels driven by an op-
tical field, is one of the most fundamental building block
in atomic physics, and has been used for numerious tech-
nologies such as atomic clocks [1], sensors [2], quantum
communication [3] and computing [4, 5]. In a photonic
system, the coherent two-level system is implemented
by two distinct photonic frequencies coupled by non-
linear optical interaction with a pump light. Recently,
such a photonic Rabi oscillation has been applied to
a single photon known as quantum frequency conver-
sion (QFC) [6] in quantum information processing, which
can create a coherent superposition of the frequency
modes in the single photon. Apart from atomic systems
using naturally-determined energy levels, the photonic
systems use virtual levels determined by the pump fre-
quency corresponding to the difference of the two fre-
quencies (Fig. 1 (a)). This feature allows for interac-
tion of densely-embedded optical frequency modes over
a wide range, and offers flexible manipulation of pho-
tonic frequencies that form the inherently-equipped high
dimensional Hilbert space.
So far, several experimental demonstrations of quan-
tum operations on the frequency-encoded qubits based
on optical nonlinearities have been performed [7–9] aim-
ing at frequency-domain photonic quantum information
processing such as universal quantum computation based
on multi-stage nonlinear optical interaction with the pho-
tonic Rabi oscillation [10–12]. Typically, the full Rabi cy-
cle in χ(2)-based QFC corresponding to the so-called 2pi
pulse needs over a watt-class continuous wave (cw) pump
power even when waveguided crystals are used [13–19].
Much more pump power is required for QFCs with bulk
crystals or χ(3) media due to shorter interaction time or
smaller nonlinearity. This prevents the scalable integra-
tion of the photonic Rabi osillation for simulating more
complex quantum systems. A promising approach for
saving the cw pump power is an enhancement of optical
nonlinearity by using an optical cavity. However, cavity
systems in which all relevant lights are confined such as
ring resonator systems [20, 21] severely limit accessible
frequencies and bandwidths of the photons, which sacri-
fices the feature of the photonic Rabi oscillation.
In this study, without losing the acceptable frequen-
cies and bandwidth, we demonstrate cavity enhance-
ment of the photonic Rabi oscillation. We utilize a
periodically-poled lithium niobate (PPLN) waveguide
as a χ(2) medium with a cavity only for the pump
light (Fig. 1 (b)), which we call the PPLN waveguide
resonator (PPLN/WR) hereafter. The internal enhance-
ment factor is estimated to be over 10 compared with con-
vential QFCs with achieving a maximum transition prob-
ability over 90%. Such an efficient photonic Rabi oscil-
lation realizes full cycle of the coherent rotation between
the two frequency modes for the first time. This also en-
ables an all-optical control of polarizing photons beyond
the manipulation of frequency degree of freedom (DOF).
Thanks to the broad bandwidth property over 100GHz
of the PPLN waveguide [13], we can simultaneously per-
form the operation over several dozen frequency and po-
larizing modes forming hyper-entangled states on dense
quantum frequency combs [22, 23].
We explain the quantum theory of χ(2)-based pho-
tonic Rabi oscillation between angular frequencies ωg
and ωe driven by a pump light at an angular frequency
ωp(= ωe − ωg) for the nonlinear optical interaction [13].
The subscripts of the two energy levels ‘e’ and ‘g’ mean
‘excited’ and ‘ground’ frequencies. The energy level rel-
evant to the process is shown in Fig. 1 (b). When the
pump light is sufficiently strong, and the perfect phase
matching condition is satisfied, the effective Hamiltonian
is described by H = i~(g∗a†eag − gaea†g), where ae(g) is
an annihilation operator of the higher (lower) frequency
mode. The effective coupling contant g = |g|eiφ is pro-
portional to the complex amplitude of the pump light
with phase φ. From this Hamiltonian, annihilation oper-
ators ae,out and ag,out for the higher and lower frequency
modes from the nonlinear optical medium are described
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FIG. 1. (a) Two-level photonic systems coherently-coupled by photonic Rabi oscillation. Due to the virtual level structure,
the ground and excited levels are regarded as continuously distributed. (b) Energy diagram of χ(2) interaction equivalent to
the coherent two-level systems. The pump light at angular frequency ωp is confined in the cavity. (c) Experimental setup. (d)
Pump power dependencies of the transmission spectra of 780 nm light and 1522 nm light. The power in the figure is the pump
power measured in front of the PPLN/WR. (e) Input pump power dependencies of the mode matching (coupling efficiency)
of the pump light to the PPLN/WR (purple, left-hand axis), and SHG/transmission power of the pump light (red/brown,
right-hand axis). The error bars indicate one standard deviation. For estimating the mode matching, we used the data with
the standard deviations smaller than 5% (The leftest four data are omitted).
by [
ae,out
ag,out
]
=
[
cos θ2 −eiφ sin θ2
e−iφ sin θ2 cos
θ
2
] [
ae
ag
]
, (1)
where θ/2 = |g|τ , and τ is the interaction time of the
light through the nonlinear optical medium. This process
is equivalent to the atomic Rabi oscillation driven by the
external optical field resonant with the two energy levels.
The branching ratio of the transition matrix can be ad-
justed by the pump power. We notice that at θ = 2pi, the
light at the initial frequency mode is obtained with a unit
probability, while pi phase shift understood by the geo-
metric phase is added on its complex amplitude. When
the nonlinear optical medium is placed inside a cavity
confining only the pump light, the coupling strength |g|
is enhanced without any other modifications, resulting
in a higher Rabi frequency while preserving the intrinsic
bandwidth of the nonlinear interaction.
The experimental setup for the photonic Rabi os-
cillation between 780nm and 1522nm light driven by
the cavity-enhanced pump light at 1600nm is shown in
Fig. 1 (c). The cw pump light and the 780nm light with a
power of 1mW are combined at a dichroic mirror (DM1),
and then focused on the PPLN/WR.
The PPLN waveguide used in our experiment has a
periodically-poling period for satisfying the type-0 quasi-
phase-matching condition, and the polarization of the
light relevant to the Rabi oscillation is V. The length of
the waveguide is 20 mm. For forming the singly-resonant
PPLN waveguide resonator with the Fabry-Pe´rot struc-
ture, the end faces of the waveguide are flat polished,
and coated by dielectric multilayers. The reflectance for
1600nm is about 98%, and the quality factor of the cav-
ity for the pump light is about 3.2×106 [23]. For 780 nm
and 1522nm, anti-reflective coatings are achieved with
the reflectances of 5% and 0.1%, respectively. The cou-
pling efficiency of 780nm light to the PPLN/WR is 0.91.
After the PPLN/WR, the 780nm light is reflected by
DM2, and passes through an interference filter (IF) with
a bandwidth of 3 nm followed by a photo detector (PDe).
The 1522nm light and the pump light pass through DM2,
and they are separated by DM3. The 1522nm light pass-
ing through DM3 is diffracted at a volume holographic
grating (VHG) with a bandwidth of 1 nm and is detected
by PDg. The pump light reflected at DM3 is detected by
PDp. The pump light coming back from the PPLN/WR
is monitored by PDb.
The branching ratio between the two frequency modes
characterized by rotation angle θ of Rabi oscillation in
Eq. (1) was measured by the PDs for various pump pow-
ers while scanning the pump frequency. Examples of the
observed power spectra for 780 nm and 1522nm light are
shown in Fig. 1 (d). We see that when the pump light
was resonant to the PPLN/WR, the transition process
was observed as a dip and a peak of the power spectra.
For the pump power satisfying 0 ≤ θ ≤ pi, a higher pump
power leads to the deeper dip and the higher peak of
the spectra (the bottom figure). For the pump power
such that θ > pi is satisfied (the other three figures), the
dip at 780 nm and the peak at 1522nm were respectively
turned into upward and downward. This behavior shows
the frequency recovery from 1522nm to 780nm after the
transition from 780nm to 1522nm.
The pump power was measured just before the
PPLN/WR. In order to estimate an effective pump power
P used for the Rabi oscillation, we measured an optical
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FIG. 2. (a) and (b) are for the signal light coming from the
direction same as and opposite to the pump light. (c) and
(d) show dependency on θ in the Rabi cycle instead of the
effective pump power in (a) and (b).
mode matching (a coupling efficiency) to the resonator
of the pump light from the reflection spectra at PDb,
and second harmonic generation (SHG) at 800 nm of the
pump light at PDe as an unexpected nonlinear optical in-
teraction. We show the experimental results in Fig. 1 (e).
From the figure, we estimated the amount of the mode
matching to be 0.52 on average. The second harmonic
light at 800nm was measured by PDe without the 780nm
signal light and IF. In Fig. 1 (e), we see that SHG power
is gradually increased. Corresponding to this, the trans-
mitted pump power measured by PDp begins to deviate
from the proportional relationship with the input pump
power. This indicates that the coupled pump power is
consumed by SHG, and the transmitted power reflects
the remaining pump power P used for the frequency tran-
sition. From the experimental data for < 200mW input
pump power, in which SHG is negligibly small, we es-
timated the conversion factor between the transmitted
pump power and P with considering the mode match-
ing 0.52, and then we determined P for all input pump
power.
Together with the estimated values of P and the ob-
served spectra of 780nm and 1522nm light, we plot the
staying probability (transmittance) T (P ) and the tran-
sition probability (reflectance) R(P )(:= 1 − T (P )) in
Figs. 2 (a) and (c) based on the normalization method
in Refs. [7, 24]. The maximum transition probability
corresponding to the pi pulse was achieved at ∼ 50mW
pump power. The best fit to T (P ) with a function 1 −
A sin2(
√
BPL) gives A = 0.92 and B = 0.13W−1mm−2,
where L =20mm is the waveguide length. The ob-
served coupling constant B is over 10 times larger than
previously-reported values in QFC experiments without
θ / 2pi
F
F’
(a) (b)
FIG. 3. (a) The Poincare´ sphere (Bloch sphere) for the
polarization state of light. |R〉 (|L〉) is the right (left) circular
polarization state. The trajectory of the states from θ = 0 to
θ ∼ pi is represented by red circles from near |D〉 to |A〉. (b)
θ(P ) dependencies of fidelities F and F ′. The dotted curve is
theoretically obtained by using experimental parameters.
cavity systems [13–19]. As a result, the cavity enhance-
ment effect was clearly observed. We will give the de-
tailed discussion about the enhancement later.
The pump light confinement in the Fabry-Pe´rot cav-
ity allows for the Rabi oscillation regardless of the input
direction of the pump light. To see this, we swapped
the positions of the 780nm light source and the detector
PDe. The experimental result is shown in Fig. 2 (b)
and (d). As is expected, the oscillation of the fre-
quency transition was surely observed. The best fit to
T (P ) with 1 − A′ sin2(√B′PL) gives A′ = 0.98 and
B′ = 0.11W−1mm−2. These estimated values are similar
to A and B, and the bidirectional photonic Rabi oscilla-
tion was successfully achieved.
To see the amount of the cavity enhancement, we
compare the value of the normalized coupling constant
B = 0.13W−1mm−2 with the values in previous re-
ported papers. In Ref. [13], the QFC system includ-
ing the PPLN waveguide and wavelengths of the relevant
light is almost the same as this experimental setup ex-
cept for the cavity coating. The value of the coupling
constant is calculated to be 0.009W−1mm−2 from the
reported experimental data. From these results, an en-
hancement factor of the coupling constant is estimated
to be 13. While the value is slightly smaller than a the-
oretically predicted value [25, 26] F/pi ∼ 19 with finesse
F = 59 [23], our result surely showed that the coupling
strength becomes an order of magnitude larger. This
statement holds in comparison to other QFC experiments
using PPLN waveguides without cavities in various situ-
ations [14–19] in which the coupling constant from 0.003
to 0.012W−1mm−2 were observed.
The photonic Rabi oscillation can be used for the
polarization rotation of the signal light. The experi-
ment for such the operation was performed by the same
setup in Fig. 1 (c). The input signal light at 780 nm
is set to diagonal polarization whose state is written as
|D〉 := (|H〉 + |V 〉)/√2, where |H〉 and |V 〉 are states
4for the horizontal and vertical polarization of light, re-
spectively. Because only the V-polarized light is fre-
quency converted by the type-0 quasi phase-matched
PPLN/WR, the polarization state of the light at 780nm
is transformed into |ψθ〉 := N (|H〉 + cos θ2 |V 〉) ideally,
where N := (1 + cos2 θ2 )−1/2 is the normalization con-
stant. For 780 nm light coming from the PPLN/WR, the
polarization state tomography was performed by insert-
ing a polarization analyzer composed of a quarter wave
plate, a HWP and a polarizing BS into the optical path
just before PDe.
In Fig. 3 (a), the trajectory of the polarization states
on Poincare´ sphere (or Bloch sphere) estimated from
Stokes parameters is shown. As the pump power in-
creases, the initial state near |ψ0〉(= |D〉) is transformed
towards |ψ2pi〉 = |A〉 := (|H〉 − |V 〉)/
√
2, via a state near
|ψpi〉 = |H〉. For quantitative evaluation of the rotation,
we borrowed the density operator representation ρθ of
the polarization state for various values of θ = θ(P ) from
the quantum information theory. We evaluated the fi-
delities F := 〈ψθ|ρθ|ψθ〉 of ρθ to the ideal state |ψθ〉 and
F ′ := 〈ψ0|ρθ|ψ0〉 of the states with turning on and off the
pump light. The results are shown in Fig. 3 (b). For every
θ, F is higher than 0.9, and thus the polarization state is
successfully rotated by the Rabi oscillation for any pump
power with a resonant frequency. The result of F ′, which
approaches zero as θ increases, also shows the rotation ef-
fect. We notice that for θ = 2pi, F ′ is close to zero due to
the effect of the geometric phase added through the full
Rabi cycle [27–29]. The above polarization rotation was
controlled by amplitude modulation (AM) of the pump
light at a frequency resonant on the cavity. In addition to
the AM control, the cavity structure enables us to toggle
the polarization rotation by frequency modulation (FM)
of the pump light between off-resonant and on-resonant
condition with a fixed pump power.
We construct a theoretical model for the state trans-
formation by the photonic Rabi oscillation. The observed
maximum transition efficiency is A = 0.95. We assume
that the imperfection is originated from the propagation
mode mismatch of the signal and the pump light. We
denote the propagation mode which interacts with the
pump light by |x〉 and its orthogonal mode by |x¯〉. Un-
der the assumption, when the input state is a pure state
with diagonal polarization, the initial state to QFC can
be written as |ψin〉 := |D〉(
√
A|x〉 + √1−A|x¯〉). After
the Rabi oscillation with θ, the normalized output state
|ψout〉 is ideally described by
|ψout〉 := N0
(√
AN−1|ψθ〉|x〉 +
√
2(1−A)|D〉|x¯〉
)
, (2)
where N0 := (AN−2 + 2(1 − A))−1/2 is a normal-
ization factor. In our experiment, the reconstructed
states ρθ were slightly impure, namely tr(ρ
2
θ) < 1. We
model the output state including the impurity as ρth :=
p|ψout〉〈ψout| + (1 − p)I/2, where p := (2〈tr(ρ2θ)〉 − 1)1/2
and I is the identity operator. By using experimen-
tally observed values A = 0.95 and 〈tr(ρ2θ)〉 = 0.93, we
obtained the fidelity Fth := 〈ψin|ρth|ψin〉 as shown in
Fig. 3 (b). We see that the experimental results are in
good agreement with the curve theoretically predicted
with the use of the experimental parameters.
In our demonstration for the polarization state rota-
tion, we measured only the polarization state of 780 nm
light. When we consider the frequency DOF composed
of 780nm and 1522nm modes, which we denote by |ωh〉
and |ωl〉, the photonic Rabi oscillation system works on
a single-photon two-qubit state [30] formed by the po-
larization and the frequency modes of the single photon.
Because the PPLN/WR has polarization dependency, an
input state |D〉|ωh〉 is deterministically transformed into
the single-photon Bell states as (|H〉|ωh〉±|V 〉|ωl〉)/
√
2 by
the Rabi oscillation with θ = pi/4 and 3pi/4. These oper-
ations correspond to the controlled NOT gates. Combin-
ing frequency dependent WPs, the other two Bell states
can be easily generated. The measurement of the four
Bell states is also deterministically achieved by the same
setup.
In conclusion, we have demonstrated cavity enhance-
ment of photonic Rabi oscillation while keeping the flex-
ible choice of frequencies and wide acceptance band-
widths of photons. The enhancement of the nonlin-
ear optical coupling was 10 times larger than convential
frequency converters. This leads to the observation of
the full Rabi cycle between the two photonic frequen-
cies, resulting in all-optical versatile manipulation be-
yond on the frequency DOF. Our results will open up
a large-scale photonic quantum information processing
based on frequency modes including hyper-entangled sys-
tems [31, 32]. Furthermore, considering more than two
virtual energy levels and multiple pump lasers, the pho-
tonic system will enable to simulate and design the com-
plicated atomic systems.
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